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Abstract

A kinetic transport simulation in a vacuum resonant magnetic perturbations (RMPs) application
has been performed for the first time in realistic diveted DIII-D tokamak geometry, with a self-
consistent evaluation of the radial electric field and the plasma rotation. It is found that, because
of kinetic effects, the stochastic parallel thermal transport is significantly reduced when compared
with the standard analytic model and the nonaxisymmetric perpendicular radial particle transport
is significantly enhanced from the axisymmetric level. These trends agree with recent experimental
result trends. It is also found, as a side product, that an artificial local reduction of the vacuum
RMP fields in the vicinity of the magnetic separatrix can bring the kinetic simulation results into
better detailed agreement with experimental plasma profiles. Further numerical study shows that

the plasma suppresses the RMP fields in the vicinity of the magnetic separatrix.
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I. INTRODUCTION

Charged particle dynamics in a stochastic magnetic field is an important research topic in
many areas. In this work, we report a new theoretical understanding at the first-principles
level of as yet unexplained, but significant, experimental observations on tokamak plasmas
[1-3], which may point the way for ITER [4] to achieve essential elements of its required
configuration. A successful ITER experiment is expected to demand a high edge plasma
pressure in the form of so-called H-mode pedestal (see Fig. 1). However, a high edge pedestal
requires a steep edge pressure gradient Vp, which destabilizes large-scale edge localized
modes (ELMs). Theoretically, ELMs can be avoided if the average Vp is reduced by widening
the steep gradient region. One such technique is to create a localized stochastic magnetic
field by applying small resonant magnetic perturbations (RMPs) using external coils [5].

Experiments on the DIII-D tokamak [1-3, 6], and later on JET (Joint European Torus)
[7], have indeed demonstrated ELM control using RMPs, but Vp changes are achieved in an
unexpected manner: After applying RMPs, experiments (1) do not show a complete collapse
of the electron temperature 7., in contrast to to the prediction by the standard plasma
transport theory in a stochastic magnetic field by Rechester and Rosenbluth (R-R theory)
8], and (2) do show a strong reduction in the pedestal electron density n.. Experiments
also indicate that a significantly enhanced particle transport deep in the plasma, either
by unscreened magnetic field stochasticity or by RMP-induced turbulenct transport, is a
necessary condition for a successful widening of the steep edge Vp region [9]. Figure 1
displays the plasma profiles for DIII-D discharge 126006 versus the poloidal magnetic flux
Yy, a radial coordinate normalized to be 0 at the magnetic axis and 1 at the magnetic
separatrix. Analytic and fluid modelings have used the baseline ideas of R-R theory for the
electron heat transport in a stochastic magnetic field with only incomplete understanding of
the plasma transport mechanisms in such a field [10-14]. Incomplete understanding of these
mechanisms in a stochastic magnetic field in toroidal confinement geometry makes the ELM
control by RMP coils in future tokamak reactors uncertain. Presented here for the first time
is a first-principles-level kinetic simulation in a realistic magnetic separatrix geometry, with
electrons and ions orbiting under 3D vacuum RMPs, self-consistent radial electric field E.
and coulomb/neutral collisions. The simulation results show that electron heat transport is

significantly reduced from the R-R theory predictions and the particle flux is significantly
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FIG. 1: Experimentally measured edge profiles along the outside midplane on DIII-D before (black)
and after (red) the RMP is turned on: (a) n., T¢, T3; (b) toroidal carbon rotation Vr; and (c) E,.

In the SOL, ¥ > 1, T; may be inaccurate because to a non-Maxwellian tail.

enhanced from the axisymmetric neoclassical level after 4 ms of the RPM application.

In this work, we use the kinetic ion-electron-neutral guiding-center code XGCO0 [15, 16],
which includes the particle source from wall recycling and neutral Monte Carlo transport,
heat and momentum fluxes from the core plasma, electron cooling from impurity radiation,
and plasma losses to the material wall. The full distribution function (as opposed to the
perturbed distribution in the so-called delta-f method) is calculated in order to account for
wall losses, neutral ionization, and profile evolution. Under fixed, externally applied RMP
fields, the present study includes most of the relevant transport physics self-consistently,
but it assumes that the electrostatic potential ® variations within a flux surface and the
RMP-induced changes to turbulence transport are negligible. Plasma screening is thought
to play an important role in the actual RMP distribution, but it is difficult to calculate [17—
21]. Numerical simulation of plasma-screened RMPs, self-consistently with kinetic plasma
dynamics, electric field response, and plasma rotation, is under invetigation and will be the

subject of a future report.

II. A MODEL DIII-D PLASMA AND THE SIMULATION PROCEDURE

The simulations of DIII-D discharge 126006, an RMP ELM-control experiment with

plasma current of 1.52 MA, major radius of 1.76 m, outboard minor radius 0.57 m, and



toroidal field By = 1.88T are presented in this report. The realistic diverted tokamak equi-
librium and wall geometry are imported from EFIT data [22]. Ton and electron trajectories
follow the 5D Lagrangian guiding-center equations of motion [23] in the 3D magnetic field,
including the weak vacuum RMPs, and in the 1D ®(¢y) which is calculated as function
of unperturbed magnetic surface label ¥y. Self-consistency of E, = —Vin0P(¢n) /0y is
a crucial feature. In SOL, the sheath potential is obtained from a logical sheath method
extended from Ref. [24], requiring that the sum of parallel and perpendicular (to g—ﬁeld)
charge losses vanish.

B in tokamak geometry without a plasma response is calculated by using the TRIP3D
code [25], from the DIII-D I-coils carrying 4 kAt [1]. Field errors are assumed to be perfectly
corrected by the correction coils. Certain toroidal n and poloidal m Fourier harmonics of the
field perturbation B,,, are resonant with the local field line pitch near the plasma edge and
cause field lines to become stochastic. The pitch-resonant components have the magnitude
Bum/Bo ~3.2—3.7x 107

In XGCO, 3 eV neutral D atoms are born near the material wall (at ¢y = 1.04), with
the recycling coefficient 0.9 to represent a strong out-pumping of the neutral gas in the
experiment. Approximate experimental levels of power (6 MW, equally divided between
electrons and ions) and toroidal torque (4 N-m, from a neutral beam) are added at the core-
edge boundary of the simulation domain. Monte Carlo coulomb collisions conserve particle
number, momentum, and energy. Neutral and plasma particles undergo charge exchange
and ionization collisions with the Maxwellian background component of each other. Electron
cooling due to carbon impurity radiation is included using ADPAK data [26]. Carbon density
relative to n, in SOL is assumed to be 10% and negligible in the closed magnetic surface
region.

The simulation procedure is as follows: First, the axisymmetric H-mode profile plasma is
simulated before the RMP is turned on. The edge E, profile is established very rapidly, on
the ion banana orbit time scale (~0.1 ms), and the pedestal plasma reaches a “quasi-steady”
state at the new E, profile but still evolves on the pedestal transport time scale. Here, the
“quasi-steady” state is defined to have steady FE, while the plasma profile is evolving in
transport time scale. Afterward, the RMP field is turned on. The new RMP-driven E.
profile is established rapidly again to yield a new “quasi-steady” state that is significantly
different from the non-RMP state. The simulation duration after the RMPs are turned



on is about 4 ms, which is long enough to establish a new RMP-driven FE, profile. The
plasma still evolves on the RMP-drven transport time scale: the density decreases and the
temperature increases. A steady-state plasma profile has not been established yet by the
end of the simulation duration. Thus, the transport analysis presented cannot be claimed
to be the same as that of steady-state plasma, which, in experiment, is established a long
time after the simulation duration.

Only a small amount (D = y; = Y. = 0.1m?/s) of anomalous radial transport is necessary
to generate n., T; and T, that are close to experimental profiles before the RMP is turned on.
This indicates the level of experimental anomalous transport level in the quiescent H-mode
edge. In order to implement this transport, an ambipolar radial random-walk is superposed
upon the Lagrangian particle trajectories. This level of anomalous transport is negligible
compared with (hence, does not mask the analysis of) the RMP-driven transport. In the
future, the turbulent transport information will be imported from the XGC1 gyrokinetic

edge turbulence code [27].

III. PEDESTAL RESPONSE TO THE STOCHASTIC VACUUM RMPS AND THE
UNDERLYING PLASMA TRANSPORT

Figures 2(a) and (b) respectively show n. and 7, profiles from XGCO0, 0 ms before and
4 ms after the vacaum RMP is turned on. It can be seen that the pedestal n. has been
significantly reduced by the introduction of RMPs. At the time of observation n, profile has
not reached a steady state but decreases at the rate given by the loss rate and the ionization
rate. The radial particle flow speed across the separatrix in RMPs is ~ 20 m/s, somewhat
greater than but roughly comparable to experimental observation [28]. Although VT, is
reduced, the pedestal T, has not completely collapsed (more than 3 MW of electron heating
power would yield greater VT, and T, than what are shown here). These results differ from
those of the stochastic plasma transport model of R-R and are closer to experimental trends
on DIII-D. In Fig. 2(c), the pedestal T; correctly increases without increasing its overall
gradient as the pedestal n. decreases. In Fig. 2(d), the ion toroidal rotation speed Vr also
shows a correct trend: an increase in the co-current direction.

Particle fluz: Figure 2(f) shows various components of the quasi-steady radial ion particle

flux profiles obtained from the simulation in vacuum RMPs. Total radial particle flux (black)
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FIG. 2: (Color) Simulated profiles before (black) and 4 ms after (red) the vacuum RMP is turned

on: (a) ne, (b) T¢, (¢) T;, (d) Vr, and (e) E,. Components of the radial fluxes during the RMP:

(f) particle fluxes and (g) electron heat fluxes.

is dominated by perpendicular neoclassical flux (red). Parallel ion loss along B (given by
the difference between the black and red curves) is small compared with the perpendicular
neoclassical loss. It is not possible for fluid models [12, 13, 18, 21] to calculate these kinetic

phenomena a priori. The neoclassical perpendicular loss components can be decomposed

into [29]
(F-v4) = _i <V§|>+£<<P| _g;)VIB>’ 0

where the first term is from poloidal pressure variation (dark blue in Fig. 2f) and the second

term is from pressure anisotropy P — P, (green). Here (---) is the flux surface average,
and I = RByp. The axisymmetric neoclassical particle flux before the RMP is turned on is
negligibly small (< 10"¥m~2s7!) and is automatically ambipolar.

Strong enhancement of the particle fluxes in Fig. 2 (f) over the axisymmetric value is
attributed to the RMP-driven deviation AFE, = E, — E,o from the axisymmetric E,q. The
deviation AE, is generated to maintain ambipolarity in the nonaxisymmetric B. Trapped

particles change their toroidal drift speed in response to AFE,., but the passing particles do



not. This causes a toroidal friction force Fr to appear between the two classes of particles
that is proportional to AE,. Fr is the driver of neoclassical radial transport through Fr x B
motion. Both the pressure-anisotropy and the parallel-variation driven particle fluxes are
increased. Figure 2(f) also shows the pressure-anisotropy driven flux using the analytic
formula oc mny; AE,/Bj for core plasmas from Ref. [30] (light blue) and shows reasonable
agreement with the simulation (green) except very near the magnetic separatrix where the
validity of Ref. [30] breaks down. References [11, 14] used similar analytic neoclassical
formulas to explain the particle pump-out effect in RMPs.

Quasi-neutrality of the plasma is maintained by the electron particle transport along the
stochastic magnetic field B, in accordance with the ion perpendicular transport. Parallel
electron mobility in the radial direction along B, /B, as usual, is adjusted by FE, to yield the
self-consistent F, and the ion/electron losses.

Heat fluz: Figure 2(g) plots the conductive (black) and convective (red) decomposition of
ge under vacuum RMPs from XGC0O. The conductive part from the simulation is roughly an
order of magnitude smaller (~ 1/8 in the case shown) than the R-R prediction (dark blue)
with the reductution effect by the radial electric field included [10]. The convective part is
non-negligible compared with the conductive part, unlike the model used in the R-R theory.
We find that the electron heat conduction predicted by R-R theory is not applicable to the
toroidal edge plasma mainly because the majority (~70%) of the particles are magnetically
trapped. Trapped electrons are reflected before traversing a decorrelation length and hence
are far less susceptible to the stochastic B diffusion [31]. Even for the passing electrons, the
perpendicular E'x B and V B drifts do not permit the exact tracing of the fine scale stochastic
fields (this effect, though, is found to be much weaker than the magnetic trapping effect).
For ions, ¢; is about 1/3 of the total ¢. and dominantly convective at the observation time
(during which the particle density is being pumped out), carried through the perpendicular
particle transport.

Toroidal rotation: The toroidal flow V7 is modified by the strong transient J,. x B ion

torque by the RMP onset. As E, is generated and ambipolarity is restored, the transient
torque becomes weaker; but a residual part persists since the perpendicular J, remains
to cancel the electron Jj loss in the stochastic magnetic field. The final flow pattern is
determined by a balance between the torque source, the residual J.x B torque, the wall and

neutral drags, and the toroidal viscous damping torque in the nonaxisymmetric magnetic
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FIG. 3: Plasma profiles before (black) and 4 ms after (red) the screened RMP is turned on: (a)
the screening factor S(¢¥n), (b) Ey, (¢) ne, (d) Te, (e) T;, and (f) Vp.

field.

IV. A SIDE PRODUCT: CAN A SIMPLE RADIAL SCREENING REPRODUCE
DETAILS OF THE EXPERIMENTAL OBSERVATIONS?

Although correct trends in n., T, and Vi were reproduced using the vacuum RMP model,
details in T,, and V7 profiles, and the correct E, profile were not captured near the magnetic
separatrix. Experimentally, after the RMP is turned on, the radial VT, profile steepens in a
narrow layer just inside the magnetic separatrix (Fig. 1a) and the negative E,. well persists
(Fig. 1c). The main cause for formation of the negative E, well in the axisymmetric case
is known to be a consequence of the ion orbit losses in the presence of an X-point [16].
According to this process, in the presence of the stochastic magnetic field the ion orbit
losses must exceed the parallel electron losses in order for the negative F, well to persist.
Another important difference is the sharp peak in the plasma toroidal rotation profile around
the magnetic separatrix (Fig. 2d), while the experiment only shows a mild increase with a

dip (Fig. 1b). Similar peaking appears in the perpendicular rotation profile (not shown).



We notice here that these discrepancies between the kinetic simulation results in the
vacuum RMPs and the experimental details are localized near the magnetic separatrix.
Reducing the RMPs near the separatrix would create an electron transport barrier, maintain
the E,. well, reduce the parallel electron heat transport, and reduce the J,. x B accelaration
of toroidal flow. At the same time, if the RMPs are unaffected at the top of the pedestal
and the screening is incomplete, the enhanced perpendicular transport can still explain the
particle losses from inside the pedestal top as observed in the RMP experiments.

Based on these speculations, we perform additional simulations using a simple ad hoc re-
duction model that lowers the vacuum RMPs by a radial form-factor S(¢y) [Fig. 3(a)] near
the separatrix where simulation with the vacuum RMPs was producing localized discrepan-
cies with the details of the experimental observation. The screened RMP field is specified
in a divergence-free manner. For simplicity, the reduction factor is applied to the entire
RMP components, even though the screening physics may affect the resonant components
only [17]. We also note here that screening of the nonresonant components may reduce the
nonaxisymmetric neoclassical viscosity effect.

When the depth of the screening form factor is adjusted [Fig. 3(a)] to form an FE,-
well [see Figs. 1(c) and 3(b)], the simulation simultaneously reproduces the aforementioned
experimental details. Near the separatrix, VT, steepens [Fig. 3(e)], and V; increases only
moderately [Fig. 3(f)] and also shows a dip near the separatrix [Fig 1(b)]. The pedestal
density drop persists as seen in experiments. Among the screening models we tested, this
simple reduction model produced the best agreement with the experimental observations.
Reduction in the plasma rotation to an experimentally observed level by the introduction
of the simple screening form factor (which reduces both resonant and nonresonant RMP
components) indicates that the nonaxisymmetric neoclassical toroidal viscosity effect is not
dominant over the resonant stochasticity physics effects considered here. It is possible,
however, that if we allowed the survival of the nonreresonant component in the shielded
region, the local rotation could have been reduced further in the kinetic simulation.

We emphasize that the surprising success from a simple shielding form factor used in this
section is merely phenomenological. The shielding form factor multiplied to the vacuum
RMPs is ad hoc and does not represent any solution from first-principles equations, unlike
the rest of the paper. It is presented here as an interesting side product of the main research,

of which the purpose is to enhance basic understading of the toroidal plasma tranport
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FIG. 4: Radial profile of plasma respondes to RMPs, showing the suppression of locally resonant

components in the narrow layer just inside the magnetic separatrix. Poloidal mode numbers are

shown. Toroidal mode number is 3.

processes in stochastic magnetic fields in realistic diverted tokamak geometry.

V. PLASMA-CONSISTENT RMP PROFILE

The kinetic simulation has been pushed further to include the plasma response to the
external vacuum RMPs in realistic magnetic geometry. Plasma current perturbation by
the external RMPs are evaluated, and the toroidal Ampere’s law is solved to evaluate the
plasma distortion to the vacuum RMPs. A pedestal plasma profile evolves in the distorted
RMPs. Figure Fig. 4 shows a radial profile of the plasma respondes to RMP components.
It can be seen that the resonant components are suppressed in the vicinity of the magnetic
separatrix, as predicted by the phenomenolotical investigation in the previous section. The
main difference between the phenomenological model and the actual RMP solution is the
nonsuppression of the nonresonant local components in the actual solution, whereas both
resonant and nonresonant components are suppressed in the phenomenological model. This

should not make much difference in the stochastic magnetic field structure. However, it

10



could make a difference in the effect of the neoclassical nonaxisymmetic toroidal viscosity in

the long time simulation.

VI. CONCLUSION AND DISCUSSION

A kinetic transport simulation under given vacuum RMPs in a realistic diverted DIII-D
tokamak geometry has been performed for the first 4 ms after the RMP application, for
the first time, with a self-consistent radial electric field and plasma rotation. It is found
that the stochastic parallel thermal transport is significantly reduced, compared with the
prediction from the standard Rechester-Rosenbluth model [8] and that the nonaxisymmetric
perpendicular radial particle transport is significantly enhanced from the axisymmetric level,
by toroidal kinetic neoclassical effects (magnetic trapping and ambipolar radial electric field,
mostly). These trends agree with recent experimental results [1-3]. It is also found, as a side
product, that a local reduction of the vacuum RMP fields in the vicinity of the magnetic
separatrix can bring the kinetic simulation results nto better agreement with experimental
plasma profiles. Further numerical study shows that the plasma indeed suppresses the RMP
fields in the vicinity of the magnetic separatrix.

The purpose of the present study is to enhance our understading of the basic tranport
physics of a toroloidal plasma in a stochastic magnetic field in realistic diverted tokamak
geometry, beyond the simple standard model of Rechester-Rosenbluth, which neglected the
neoclassical effects. Our study indicates that the self-consitent kinetic plasma responses in a
realistic geometry (including parallel current, radial electric field, plasma rotation, trapped
particle effect, and density and temperature gradients) are essential to understanding the
self-consistent RMP penetration physics. We are conducting an in-depth investigation and
will present our results in a future publication. We note that a low-aspect-ratio tokamak
edge can show a different kinetic RMP-driven transport behavior from what is presented

here since it has much higher fraction of the magnetically trapped particles.
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